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COMPARISON EETWEEN T!MKRETICAL AND EXPER~

STRESSES IN CIRCULAR SEMIMONOCOQUE

WITHREc!rANm CUTOUTS

By Harvey G. McComb, Jr., and Emu&

SUMMARY

CYIJmms

F. Low, Jr.

Comparisons are made between a theory for calculating stresses
about rectangular cutouts in circuler cylinders of semimonocoque con-
struction published in NACA TN 3200 and previously published ~erimental
data. The comparisons include stresses in the stringers and shear
stresses in the center of the sheer panels in the neighborhood of the
cutout. The theory takes into account the ben~ng flexibility of the
rings in the structure, and this factor is found to be important in the
calculation of stresses about cutouts. In general, when the ring flex-
ibility is considered, good agreement is obtained between the calculated
and experimental results.

INTRODUCTION

In the design of airplane fuselages near cutouts, such as those
made for doors and windows, it is desirable to have some knowledge of
the redistribution of stress which is introduced into the structure by
the opening. A large portion of the structure of many fuselages can be
represented, approximately, by a circular cyldnder of semimonocoque
construction, that is, a thin-walled circular cylinder stiffened by -
stringers (axial stiffening members) and rings (circumferential stiffening
members). A method for calculating stresses about rectangular cutouts
in such structures is presented in reference 1. In order to evaluate
this method, comparisons are made between stringer stresses and shear
stresses in the vicinity of the cutout as calculated by the theory of
reference 1 and those obtained by experiment in references 2 to k. These
comparisons are presented herein. The e~erimentid data were obtained
froma single test cylinder under several loading conditions and with
successively larger cutout sizes. AU. the loading conditions and four
of the cutout sizes reported in references 2 to k are considered. The
effect of the bending flexibility of the rings in their own planes is
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taken into account. In order to determine the importance of this effect
in the calculation of stresses about cutouts, the results of calculations .
based on the assumption that the rings =e rigid in their own planes are
also presented.

A effective cross-sectional

SYMBOLS

erea of stringer, sq in.

B =EAR2
Gbt~

b arc distance between stringers, in.
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Young’s modulus of elastici@, ksi

shear modulus of elasticity, ksi

effective moment of inertia of ring cross section, in.t

distance between rings, in.

moment, kip-in.

total number of stringers in cylinder

radius of cylinder

torque, ldp-in.

thickness of sheet,

shear force, kip

(measwredtoniddle surface of sheet), in.
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circumferential length of cutout, deg
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line of cutout, deg
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A detailed description of the experimental program can be found in
references 2.to 4; therefore, only a brief description of the test cyl-
inder and test setup will be given here. The test cylinder is illustrated
in figure 1. It was constructed of 2024 (formerly 24s) aluminum alloy
and consisted of a thin-walled circular cylinder reinforced by 36 string-
ers and 8 rings. The stringers were extruded angles and the rings were
Z-sections formed from sheet material. The rings were stiffer than would
normally be used in the present-day design of a fuselage for a large
transport.

The cylinder was cantilevered fkom a large backstop by mounting one “
end on a steel ring which was bolted to the backstop. A steel bulkhead
was fitted to the free end, snd torque, bending, and shear external loads
were applied to this free end with a hydraulic jack acting through appro-
priate loading frsme’s.

A single rectangular cutout was made in the center bay of the cyl-
inder. The original cutout extended 30° around the circumference.
During the test program, this cutout was successively enlarged in the
circumferentialdirection to 50°, 70°, 90°, and 130°. Finally, the
130° cutout was extended 1 bay toward the free end of the cylinder so
that the cutout was 2 bays long. Electrical resistance wire strain
gages were used to measure strains around the cutout, and stresses were
calculated by use of the material moduli.

CALCULATIONS

P’arsmeters

The application of the method of analysis of reference 1 is facil-
itated by the use of the tables of coefficients published in reference 5.
In order to determine the appropriate table of reference 5 to be used in

=~ A.R2,the calculations, the values of two structural parameters B ——
G bt L2

A#and C=— are computed. The properties of the test cylinder (fig. 1)
m%

are as follows:

m. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
Cross-sectional area of stringer, sq in. . . . . . . . . . . . 0.1373
R,in. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
L,in. . . . . . . . .“. . . . . . . . . . . . . . . . . . . . 12

.. . —— .—..— .— — .
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t,in. . . . . . . . . . . . . . . . . . . . . . . . . . . . . Oiog
b,in. . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Moment of inertia of ring cross section, in.h . . . . . . . . . 0.;7 “
E,ksi . . . . . . . . . . . . . . . . . . . . . . . . . . 10.6x1 3
G,ksi . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4X103

The entire skin is assumed to be effective in carrying direct stresses;
therefore, the effective stringer area is

A =().1373+ (2.62)(0.051) =0.271 sqin.

Consequently,

B=

()

10.6 X 1~ X 0.271 ~2 . 837

4X103 XO.134 E ●

The parameter C involves the effective moment of inertia of a
ring cross section; therefore, some estimate is needed of the amount of
skin which acts with a ring in bending. Investigations of this problem
are reported in references 6 end 7. Worn reference 6 it is found that
in the test cylinder the rings are sufficiently far apart so that for
each ring the effective width of skin is practically the same as the ,.
effective width acting with a single ring mounted on an infinitely long
circular cyl.indricsAshell. In reference 7 this effective width of
skin which acts with a ring on an infinitely long circular cylinder is .

given as approximately 1.52~, provided the skin thickness is small
with respect to the cylintlerradius and provided the loading on the
ring does not oscillate rapidly in the circumferentialdirection. For
the test s~ecimen this effective width is

1.52 f- = 1.33 inches

The effective moment of inertia of a ring when 1.33 inches of skin is
acting with it in bending is 0.346 incl#. Consequently,

c
[0.271)(15)6 = ~ ~70

= (0.346)(1.2)3(2.62) ‘

The table of reference 5 whiti corresponds most closely to the test
specimen (table U of ref. 5 for which B = 8 and C = 2,000) was
used to make the calculations for this report. No significant change
in the results would occur if the calculationswere made by interpo-
lating between tables.

.——.— .— . —— -——-——- .
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It is common practice in the analysis of a fuselage to neglect the
distortions of the rings in their own planes. In order to assess the
importance of taking into account the flexibility of the rings, further
calculations were made based on the assumption that the rings are rigid
in their own planes (by utilizing table 1 of ref. 5 where B = 8, C = O).
Thus, a comparison between rigid-ring and flexible-ring theory is
included.

Coming Stringer Stresses

The effective area of the coaming stringers changes abruptly at
the corners of the cutout in the test specimen. In the net section the
portion of effective skin on the cutout side of the coaming stringer has
been removed. This discontinuity cm be taken into account by assuming
that in the net section the cosming stringer has a reinforcement of neg-
ative area equal to the portion of effective skin removed and then
applying the procedure described in reference 1 for analyzing a structure
which has stringer reinforcement. A simpler but more approximate proce-
dure, however, is to compute stringer loads without considering the
reduction in coaming-stringer=ea and then take this effect into account ‘
when the stringer stresses are computed. The latter procedure was
utilized in the calculations for this report.

.

The effective skin for the coaming stringers in the net section
was taken as the exea of skin from the cutout side of the coming
stringer to the line halfway between the rivet lines of the coaming
stringer and its adjacent uninterrupted stringer. The effective
coaming stringer area in the net section is

0.1373 + (1.74)(0.051) = 0.226 Sq m.

The stringer loads were calculated on the basis of an effective stringer
area of 0.271 sq in. Then, in order to calculate the stress in the
portion of coming stringer in the net section of the cylinder, the
effective area of 0.226 sq in. was used. In order to calculate the
stress in the coaming stringer in the gross section and the stresses
in the remaining stringers, the effective area of 0.271 sq in. was used.

COMPARISONS

Comparisons between experimental and theoretical stresses in the
test cylinder are shown in figures 2 to 9 for four loading conditions:
pure torsion, pure bending tith cutout on tension side, shear with
cutout on tension side, and shear with cutout centered on neutral sxis.
Comparisons are presented for four sizes of cutout: 1 bay in length by

.

.

--- ——— _ ___ . . . —.——.. — .— —-—-.
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50° in circumference,1 bay by 90°, 1 bay by 130°, and 2 bays by 130°.
The theoretical stresses shown in figures 2 to 9 include the results of
fle.tible-ringand rigid-ring anslyses as well as calculations in which
the cutout is disregarded and elementary bending and torsion theories
are used.

In the theory of reference 1 the shear stress is assumed to be con-
stant within each shear panel and the calculated shear stress in a given
panel should be considered as the average shear stress for that panel.
On the other hand, the test results of references 2 to 4 indicate that,
in many cases, an appreciable variation of shear stress occurs within
a panel. A fair comparison wouldbe between calculated shear stresses
and average experimental shear stresses. There is, however, insufficient
test data to obtain a satisfactory estimate of the average shear stress
in many panels where comparisons should be made. b the comparisons
which follow, the experimental shear stresses plotted are those obtained
from the gages in the center of the panels because this procedure affords
the advantages of simplicity and consistency in an instance where a
more coqlicated procedure would not necesseril.yyield a more accurate
value for the average shear stress. These experimental shear stresses
will be called “center shear stresses.”

The location on the cylinder of the stresses which are plotted in
figures 2 to 9 varies somewhat from one case to another in order that
the plotted stresses will always include the highest stringer stresses
and the highest center shear stresses in the vicinity of the cutout.

The theory of reference 1 does not strictly a@ly when the cutout
is more than one bay long because the effect of interrupting a ring
cannot be taken into consideration in the theory without the introduction
of additional t~es of perturbation loads. The theoretical stresses,
which are plotted for the 1300 two-bay cutouts, were Calctited by
using the same properties of the cylinder as were used for the one-bay
cutouts and by ignoring the effects of interrupting the ring at the
center line of the cutout.

Torsion

Shear stresses and stringer stresses for a cylinder in pure torsion
are shown in figures 2 and 3, respectively. For the one-bay cutouts,
the experimental shear stresses are obtained from gages mounted at the
center line of the cutout on successive shear panels in the circumfer-
ential direction. For the 130° two-bay cutout; the experimental shear
stresses are obtained from gages mounted on the center line of one of
the cut bays rather than on the center line of the cutout.

For the one-bsy cutouts the largest error in redicting the maximum
center shear stress occurs for ~ Y= 1300 (fig. 2(c ) where the theoret- 0

ical value is 7 percent low. In the case of the 130° two-bay cutout

.

-. —-.. .- -— . .
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(fig. 2(d)), the highest center shear stress in one of the cut bsys as
predicted by the theory was 14 percent low. At the coaming ring the
eqerimental maximum coaming-stringerstresses fall between the calcu-
lated msximum net and gross section stresses in every case except for
the 130° two-bay cutout”(fig.3(d)) where the test result lies 5 per-
cent above the calculated net section stress.

Pure Bending With Cutout on Tension Side

The stresses shown in figures 4 and 5 are for a cylinder under pure
bending with the cutout located on the tension side. The shear stresses
that are plotted in figure 4 occur in the bay adjacent to the cutout.
The e~erimental shear stresses are obtained from gages located in the
center of the shear panels as before. The calculated shear stresses
agree very well with the exp&rimentsl center shear stresses except in
the panels which sre adjacent to the coaming stringer and in which the
highest shear stresses occur. In these panels the agreement is good
for the 50° cutout (fig. 4(a)) but becomes poorer as the cutout size
increases; and, for the 130° one-bay cutout (fig. 4(c)), the theor@ical
stress is 30 percent high. An examination of the test results in ref-
erence 3 indicates that the comparison probably would be better in these
shear panels if the true average shear stress were plotted rather than
the center shear stress. In the case of the 130° two-bay cutout
(fig. 4(d)), there were no gages located in the center of the shear
panels having the highest shear stress.

The stringer stresses shown in figure 5 are those at the center
line of the cutout rather than at the coaming ring. The reduced area
of 0.226 sq in. was used to calculate coming-stringer stress. The
influence of ring flexibility on the stringer stresses is not great in
this loading case. Both rigid-ring and flexible-ring theory give good
estimates of stringer stresses for the one-bay cutouts. In the case
of the 130° two-bay cutout (fig. 5(d)), the maximum stringer stress is
actually in closer agreement with the rigid-ring theory, but this agree-
ment may be due in part to the neglect in the flexible-ring calculations
of the influence of interrupting the ring at the center line of the
cutout.

Shear Load With Cutout on Tension Side

h figures 6 and 7 are shown stresses for a loading condition of
vertical shear with the cutout located on the tension side of the cyl-
inder. The shear stresses plotted in figure 6 occur in the bsy adjacent
to the cutout on the root side. The experimental stresses are obtained
from gages located on the center line of the bay on successive shear

.. . ._ _ . . __ . _ — —.—— . -—. —-
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panels in the circumferential.direction. For the 50° and 90° cutouts
(figs. 6(a) and 6(b), respectively), the theory appears to be somewhat
high for the highest of these center shear stresses. For the 130° cut- e

outs (figs. 6(c) and 6(d)), there were no gages located in the center
of the shesr panels where the highest shear stresses occur.

The stringer stresses shownin figure 7 occur at the coaming ring
on the root side of the cutout. It is seen that the flexible-ring
theory gives a satisfactory estimate of these stringer stresses for all
cutout sizes plotted.

Shear Load With Cutout on Neutral Axis

she= stresses and stringer stresses for a loading condition of
vertical shear with the cutout centered.on the neutral sxis are shown
in figures 8 and 9. As in the torsion case, the e~erimental. sheer
st”ressesshown in figure 8 are obtained from gages located on the center
line of the cutouts for the one-~ cutouts. For the 130° two-bay cut-
out (fig. 8(d)), the experimental shear stresses are obtained from gages

- on the center line of the cut bsy closer to the root rather than on the
cutout center line.

The greatest error in predicting the highest center shear stress - “
for the one-bay cutouts occurs for 13= 90° (fig. 8(b)) where the
theoretical value is 9 percent low. For the case of the 130° two-bay
cutout (fig 8(d)), the theory predicts that the highest center shear

u

stress in the cut b~ closer to the root will occur in the shear panel
adjacent to-the coaming stringer whereas the highest qerimental. center
shear stress occurs in the second panel from the coaming stringer. The
largest deviation between the experimental and calculated shear stresses
in these two panels, however, is only 14 percent.

The stringer stresses at the coaming ring on the tip side of the
cutout are plotted in figure 9. The theory gives a satisfactory esti-
mate of these stringer stresses for all.cutout sizes plotted.

DISCUSSION

For the cases of
cutout on the neutral

the cylinder in torsion or under shear with the
axis, the experimental data (parts (b) of tables 2

to 7 inref. 2 and parts (c) of tables 8 to 13 Inref. 4) indicate that
in each of the shear panels of the net section the shear stress is fairly
constant and the center shear stress is almost always the maximum. The .

hi@est center shear stress in the &t section is the maximum shear stress
in the structure. Consegyently, for these loading conditions (in which

“the stress distributions in the vicinity of the cutout reseniblethe ,,

— —. -...—. . -.—..———. .
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distribution in a shear-loaded sheet-stringerpanel with cutout) the
theory of reference 1 provides a satisfactory estimate of both the max-
imum stringer stress and the maximum shear stress.

For the cases of the cylinder under pure bending or she= with the
cutout on the tension side, the experimental data (parts (c) of tables 2
to 6 in ref. 3 and parts (c) of tables 2 to 6 in ref. 4) indicate that
a considerable variation of shear stress exists in the shear panels
which have the highest shear stresses. The test results show that the
maximum shesr stress in these panels is not the center shear stress but
the shear stress which occurs at the coaming ring. Calculation of this’
maximum shear stress is beyond the scope of the theory of reference.1
and requires a more refined analysis. Consequently,,for these loading
conditions (in which the stress distributions in the vicinity of the
cutout resemble the distribution in an axially loaded sheet-stringer
panel with cutout), the theory of reference
maximum stringer stress but not the msximum

CONCLUSIONS

l-predicts adequately-the
shear stress.

,Comparisonsare made between a theoqy for calculating stresses
about rectangular cutouts in circular cylinders of semimonocoque con-
struction (NACA TN 3200) and previously published experimental data.
The experimental data were obtained on a single cylinder under various
loading conditions and with successively larger cutouts. .

The theory provides a satisfactory estimate of stringer stresses
in the neighborhood of the cutout for all the loading conditions con-
sidered in the tests. In the cases of torsion or shear with the cut-
out on the neutral axis, the theory provides a good a proximation for

1’the shear stresses in the center of the shear panels center shear
stresses) in the bay or bays of the net section and consequently gives
the maximum shear stress in the structure. In the cases of pure bending
or shear both with the cutout on the tension side, the theory also pro-
vides a good approximation for the center shear stresses except in the
panels,where the highest shear stresses occur. In these panels, the
theoretical shear stresses are high when compared with the center shear
stresses although better agreement would probably result if the theo-
retical stresses were compared with the true average shear stresses.
For these loading conditions, however, an estimate of the maximum shear
stress in the structure is beyond the scope of the theory, and compar- “
isons for this maximum shear stress are not included in this report.

The rings in the test cylinder were stiffer than ordinarily woul.d
be used in the design of a lsrge fuselage. The comparisons for the test
cylinder, however, show tfit the assumption of complete rigidity of the

.
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rings generally does not lead to a satisfactory estimate of the stresses. “
The flexible-ring theory agrees more closely with the test results than
does the rigid-ring theory in every case except one. In the one excep-
tional case, that of stringer stresses for pure bending with the cutout
on the tension side, the influence of ring flexibility is relatively
small, and both the rigid- and flexible-ring theories give good pre-
dictions of the stringer stresses. In the flexible-ring calculations
for the two-b~ cutouts, neglecting the effect of interrupting the ring
probably was not important.

Langley Aeronautical Laboratory,
National Advisory Committee for Aeronautics,

Langley Field, Vs., August 18, 1955.
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stresses at coming ring on root side of cutout h a cylinder under
shear load with cutout on tension side.
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Figure 8.- Comparison between calculated shesr streskes and experimental
center shear stresses in net section of cylinder under shear load
with cutout centered on neutral.axis.
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Figure 9.- Comparison between calculated and experimental stringer
stresses at coaming ring on tip side of cutout in a cylinder under

>
shear load with cutout centered on neutral axis.
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